Until now, sedimentary DNA (sedDNA) studies have only focused on cold and temperate 38 regions were DNA is relatively well preserved. Consequently, the tropics, where 39 vegetation is hyperdiverse and natural archives are rare, have been neglected and 40 deserve attention. In this study, we used next-generation sequencing to barcode sedDNA 41 from Lake Sele, localized in the tropical lowlands of Benin (Africa), and compared the 42 taxonomic diversity detected by DNA analyses with pollen assemblages. Plant sedDNA 43 was successfully amplified from 33 of the 34 successfully extracted samples. In total, 43 44 taxa were identified along the 5,000 years spanned by the sediment: 22 taxa were 45 identified at the family level and 21 at the genus level. The plant diversity recovered 46 through sedDNA from Lake Sele showed a specific local signal and limited overlapping 47 with pollen. Introduced plants, grown and cultivated close to the water, such as sweet 48 potato, were also well recorded by sedDNA. It appears, therefore, to be a promising 49 approach to studying past diversity in tropical regions, and could help in tracking the 50 introduction and history of agriculture. This is the first time this method has been used 51
Introduction 58
Plant sedimentary DNA (sedDNA) has recently emerged as a promising proxy for 59
Samples for DNA analysis 158
From the sediment core, we sampled 50 slices at 2 cm thick. Sampling of core slices was 159 carried out at the University of Savoie. To avoid DNA contamination, particularly with 160 regards to water circulation along the coring tube, 10 mm was removed from the edge of 161 each sediment slice. The tools (knives, spoons, pliers) were cleaned after each sampling 162 with distilled water, then alcohol and inflamed. DNA extraction, PCR set-up and PCR 163 amplification steps were later performed in three separate rooms at the University 164
Grenoble Alpes, which is specifically dedicated to ancient DNA studies. SedDNA 165 extraction targeted extracellular DNA (Pansu et al., 2015) . For each sediment slice, we 166 mixed approximately 15 g of sediment with 15 ml of saturated phosphate buffer 167 (Na2HPO4; 0.12 M; pH ≈ 8) for 15 minutes. The mixture was then centrifuged (10 min at 168 10000 g). The resulting supernatant (12 ml) was transferred to Amicon ® Ultra-15 10K 169
Centrifugal Filter Devices (Millipore) and centrifuged (20 min at 4000 g) to concentrate 170 sedDNA. Of the resulting concentrate, 400µl were kept as a starting material for the 171 following extraction steps, using the NucleoSpin® Soil kit Düren, 172 Germany), skipping the cell lysis step and following the manufacturer's instructions 173 (Taberlet et al., 2012b) . Three extraction controls were performed. 174
The sedDNA extractions and amplifications were performed in laboratories specifically 175 dedicated to ancient DNA studies in the University Grenoble-Alpes, France. 176
177

DNA amplification and high-throughput sequencing 178
Plant DNA was amplified with the universal primers "g" and "h" (Taberlet et al., 2007) , 179
targeting the short and variable P6 loop region of the chloroplast trnL (UAA) intron. 180
These primers are highly conserved in angiosperms and gymnosperms, and are thus of 181 interest for plant metabarcoding (Taberlet et al., 2007) . To assign sequence reads to therelevant sample, 8 bp tags (with at least 5 differences between them) were added to the 183 5' end of primers (Binladen et al., 2007; Valentini et al., 2009 DNA sequences were filtered using OBITools software (Boyer et al., 2016) , following the 202 protocol described in Pansu et al. (2015) . The obtained sequences were then assigned to 203 the relevant taxa using the ecotag program that locates highly similar sequence(s) in a 204 suitable database. Here, sequences were compared to a global plant database generated 205 using silico PCR from EMBL with the ecoPCR program (Ficetola et al., 2010 ) and a BLAST 206 search was conducted using NCBI (http://blast.ncbi.nlm.nih.gov) for taxon attribution. 207
Only sequences with a similarity of >90% to a known taxon were kept for subsequent 208
analyses. 209
In order to remove potential contaminants and PCR errors, we adopted the following 210 conservative selection procedure. Firstly, all sequences identified to a taxa (species, 211 group of species or family) currently absent from Benin were discarded. Secondly, we 212 considered a sequence genuine in a PCR product if its count was > 10 reads. Thirdly, we 213 only kept sequences that reached this threshold in at least one replica in the core 214 samples, and that did not reach this threshold in any of the control replicas; we then 215 grouped sequences with the same identification (Parducci et al., 2017) . 216
217
Geochemical and sedimentological analyses 218
All geochemical and sedimentological analyses were performed on the half intact cores 219 collected with the Livingston corer. In order to characterize the sediment from which 220 sedDNA was extracted, Loss On Ignition (LOI) analyses were performed on 1 cm 3 of 221 sediment, following the procedure described by Heiri et al. (2001) . In total, 48 samples 222 were collected from the Livingston core at the depth levels of the sedDNA analysis 223 excluding the very upper layers, where only one sample was collected at 8.5 cm, which 224 almost correspond to samples collected at a 8.8, 10.4, 11.7 cm depth for sedDNA. 
Pollen assemblages 233
The pollen counts used for comparison with sedDNA were previously published by 234 Salzmann and Hoelzmann (2005) . Our sediment core was collected from the same part 235 of the lake. The age-depth model was recalculated from Salzmann and Hoelzmann 236 (2005) using Bacon software (Blaauw and Christen, 2011) . 237
238
Results
239
Plant DNA extraction and identification 240
SedDNA was successfully amplified and sequenced from 33 of the initial 50 samples. 241
Sixteen samples were lost during extraction using the NucleoSpin® Soil kit because fine 242 sediments clogged the kit filters, hampering the washing and elution steps of the 243 extraction. One sample was sequenced but without DNA being recovered. 244
A total of 5,560,355 raw reads could be assigned to the 33 samples (Appendix S1). After 245 cleaning with obiclean, 4,971,763 reads and 5,365 unique sequences remained. When 246 we retained only those sequences with a similarity of >90% to a known taxon, we 247 obtained 1,443,822 reads and 271 unique sequences (Appendix S2). From among these 248 sequences, we aggregated those attributable to the same high-level taxon (e.g. family); 249 these sequences were checked again by a BLAST search. After aggregation, 148 taxa 250 were identified, of which 74 were considered as exotic (compatible with no species 251 present today in Benin) and 30 were discarded because they were either detected in 252 controls or not significantly present (< 10 reads) in only one replica. This left 43 single 253 taxa. The exotic sequences not in the control but removed were assigned to Betulaceae, 254
Alnus, Cedrus, Pelargonium, Cardamine, Holcus, Prunus, and Pinaceae. None of these taxa 255 are native to tropical lowlands and their presence in the samples might be due to 256
contamination. Taxa present in controls were Solanaceae, Lamiaceae, Poaceae, Musa,Apiaceae, Crassula, Polygonaceae, Amaranthaceae, Rubiaceae, and Fabaceae, and were 258 therefore removed from analyses. 259
The number of taxa and reads replicates decreases with the sediment's age (Figure 2) . 260
The first six samples, corresponding to the first 25 cm depth (probably less than 300 261 years old), presented the clearest evidence of PCR success with several taxa detected, 262 each in seven or eight PCR replicates. In the deepest sections of the core the success of 263 DNA amplification was much lower, with the majority of samples being given a taxon 264 detected in only one PCR (figure 3). 265
266
Among the 43 taxa, 22 were identified at the family level and 21 at the genus level. The 267 species level was not considered because of the absence of an accurate local reference 268 library for taxonomic assignation. However, the herb Sphenoclea zeylanica, which occurs 269 in damp habitats throughout the tropics, is an exception because the sequences of two 270 species of the genus were available in the GenBank. 271
The LOI550 represents the quantity of organic matter in the sediment (% of the dry 272 weight) that was of aquatic and/or terrestrial origin (Figure 2 ). Organic matter 273 production induces modifications in the oxygenation conditions at the lake bottom, 274 which also affects the conditions of sedDNA preservation. In fact, low oxygen content 275 limits the DNA damage by oxidation and microbial activity, supposedly the primary 276 factor of extracellular DNA degradation through the production of DNase (Blum et al., 277 1997; Corinaldesi et al., 2005; Willerslev and Cooper, 2005; Parducci et al., 2017) . Along 278 the core, the organic matter concentration varied from 11% to 17%. The zirconium 279 coming from zircon (Zr) was generally more concentrated in the sand sediment fraction, 280 and the rubidium (Rb) more enriched in clays (Davies et al., 2015) . The ratio Zr/Rb is 281 thus used to trace the changes in the contribution of clay-size particles relative to sand, 282 which can be interpreted as qualitative changes in the erosion dynamic. Titanium (Ti) 283 can also be interpreted as a proxy of runoff and, therefore, rainfall (Metcalfe et al., 2010) . 284
The results show short phases with low-erosion rates after the hiatus, during a long 285 period of high-erosive sediment influx from the hiatus of sedimentation until 2,100 286 years cal. BP. Rainfall appears to have decreased until 900 years cal. BP, evident in a 287 more or less constant fine sedimentation due to this lower rainfall. The pollen 288 assemblages presented in Salzmann and Hoelzmann (2005) also confirm a high lake 289 level between 3,000 years cal. BP and 1,000 years cal. BP. 290
291
The comparison with the pollen spectra showed important differences among the 292 diversity and the presence of the main taxa (Figure 3 proved that DNA can be preserved in these type of soils (Yoccoz et al., 2012) , and in high 328 enough rates that they could be transported to the lake during rainfalls events; however, 329 measures of the degradation rate of this environmental DNA are lacking. An alternative 330 explanation for the absence of DNA preservation is related to the lake-catchment 331 features. Its flat topography and the riverine vegetation likely limit the flow of terrestrialplant DNA from the surrounding soils to the sediments in the middle of the lake. The 333 question of whether DNA is preserved over long periods in sediments from warm 334 climates is subject to controversy. As commonly observed (Anderson-Carpenter et al., 335 2011; Boessenkool et al., 2014) , the number of taxa detected through sedDNA and the 336 number of reads tended to decline along the core. Nevertheless, some taxa were 337 detected in sediments even older than 4,500 years. Despite the high tropical 338 temperatures, sedDNA was detected. This success reflects the presence of favorable 339 conditions for DNA preservation, which might be due to low ventilation minimizing the 340 oxidation as well as the bacterial activity. Lake Sele is a shallow lake with a depth of less 341 than 1.5m during the dry season, but it is less susceptible to desiccation because of its 342 link to the large groundwater table of the Ouémé River (Adam and Boko, 1983) . This 343 would explain why the lake has never experienced any dry out during the last 3,000 344 years. In the Kenyan Lake Naivasha (Stoof-Leichsenring et al., 2012), with a comparable 345 sediment and mean annual temperature, the organic matter content was higher: 20 to 346 50 % in recent sediments (Mergeay et al., 2004) . A high quantity of organic matter can 347 induce anoxic conditions, with a low pH, creating unfavorable conditions for the 348 preservation of sedDNA, even though it can contain more plant DNA susceptible to 349 preservation over longer time periods. At Lake Sele, it appears that more than 14% 350 organic matter in the sediment is required to allow extraction of sedDNA. 351
The specific alluvial nature of sediments (after the hiatus to 900 years. cal. BP) with 352 coarse detrital input during a high lake lev@el (Salzmann and Hoelzmann, 2005) , might 353 explain the amount of failures during the purification and extraction processes. Out of 354 51 samples, 16 clogged the kit filters and most replicates of 3 additional samples were 355 found with no, or negligible, DNA. This emphasizes that the extraction and methodology 356 used to purify and extract the sedDNA (Pansu et al., 2015) should be adapted to this kindof alluvium sediment. In the samples where extraction was successful, the majority of 358 the eight amplification replicates contained DNA, reinforcing the idea that DNA 359 preservation was good all along the sediment core. 360 361 2-Taxonomic resolution of taxa identified by DNA 362
Taphonomy of sedDNA 363
As previously mentioned, the taxa identified by DNA analyses are mainly aquatics plants. 364 This is the case for Nymphaea which is well recorded in the upper part of the core with 365 the highest number of reads and PCR numbers; Azolla, Ludwigia, Persicaria, and 366
Sphenoclea zeylanica that were recorded with the highest reads and PCR numbers are 367 also aquatic plants. The limited depth of the lake also probably favors the abundance of 368 aquatic plants and prevents the development of trees or shrubs nearby, due to the 369 flooding of the shorelines during the wet season. These water oscillations may explain 370 why the amount of sedDNA from trees is extremely limited. More taxa were recovered 371 from pollen data than from sedDNA; however, some DNA taxa have no corresponding 372 pollen taxa. The aquatic plant Azolla is a fern, which probably do not produce 373 recognizable spores, but Sphenoclea, with identifiable pollen, should have been 374 recorded. Pollen and sedDNA records often show low overlapping (Jørgensen et al., 375 2012; Parducci et al., 2013; Parducci et al., 2017) , which can be explained by the 376 differences in source productions, the taxonomic resolution, and the primers used for 377 sequencing (Parducci et al., 2013) . Furthermore, the pollen of some species can be 378 dispersed over long distances, thus pollens can also represent regional vegetation, while 379 sedDNA provides a more local signal (Boessenkool et al., 2014; Parducci et al., 2017) . For 380 the moment, sedDNA data are more related to the presence/absence of taxa, as 381 macroremain analysis are interpreted in paleoecological studies (Birks, 2001) . But somerecent studies on soils suggest that the number of reads can be related to biomass plant 383 production (Yoccoz et al., 2012; Pansu et al., 2015) . In our data, it appears that for some 384 taxa (e.g. Nymphaea) the number of reads and pollen percentages actually correlate. 385
Combining pollen and sedDNA should help improve vegetation reconstruction, notably 386 in tropical forests where a large amount of trees do not have an entomophilous pollen 387 dispersal mode. 388 389
Taxonomic reference library 390
The lack of a complete DNA reference library of local species is a major issue for the 391 application of sedDNA for vegetation reconstruction. For instance, one sequence 392 detected matched well (97% identity) with the GenBank sequences of the genus 393
Pontederia. As this genus is not currently present in Benin, it is likely that the DNA 394 sequence belongs to Eichhornia crassipes (Pontederiaceae), for which no sequences are 395 available in GenBank. This plant was introduced from South America several decades 396 ago and now completely covers the periphery of the lake, which confirms that the DNA 397 signal is essentially coming from the vegetation that is developing on the shoreline and 398 in the shallow parts of the lake. 399
It is also possible that some locally present species, for which no sequences are available 400 in GenBank, were excluded because they matched related taxa with similar sequences 401 that are absent in Benin. Indeed, a large number of exotic taxa exotic from the study area 402 that were found in the lake samples were not from the control samples. The 403 identification of taxa through metabarcoding is severely limited by the availability of 404 sequences within reference databases; and if no sequences of a given taxon are 405 available, taxonomic assignment tools tend to assign sequences to the closest taxon that 406 can be available further apart. The development of extensive reference databases is,therefore, a key priority to fully exploit the power of metabarcoding for environmental Giguet-Covex, C., Ficetola, G.F., Walsh, K.J., Poulenard, J., Bajard, M., Fouinat, L., 571
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